Since separation and analysis of biomolecules are essential processes, researchers spend much time carrying out these processes for clarification of biological activities of living things[@b1][@b2]. Gel filtration chromatography and gel electrophoresis are conventional methods to separate and analyze complex mixtures of biomolecules by charge and size differences of their components[@b3]. Nowadays, the severity of requirements to separate and analyze DNA, protein, and RNA samples is increasing; however gel electrophoresis has a limitation in its separation range, it requires a large sample volume, and it takes several hours to separate and analyze the sample components[@b4][@b5]. Capillary electrophoresis using a porous polymer or cellulose in the separation channels has been able to overcome some of the disadvantages, but it still takes several minutes to separate and analyze DNA, protein, and RNA samples and users need highly sophisticated skills and must carry out labor-intensive steps[@b6][@b7][@b8][@b9][@b10]. Electrophoretic separation by using micro- and nano-structures, called micro- and nano-structure electrophoresis, has attracted interest as a method without any of the above-mentioned disadvantages; the micro- and nano-structures are an alternative to using a sieving material in a microchannel[@b11][@b12][@b13][@b14][@b15][@b16][@b17][@b18][@b19][@b20][@b21][@b22][@b23][@b24][@b25][@b26].

To achieve separation and analysis of biomolecules in a short time, Volkmuth and Austin[@b11] proposed highly-ordered structures embedded in microchannelsfor separation by size and electrophoretic mobility differences. After them, many research groups decided to use highly ordered structures fabricated by top-down approaches, such as nanopillar arrays[@b12][@b13], nanowall arrays[@b14], and nanochannels[@b26] to simplify and shorten the separation and analysis processes. The nanopillar array of Kaji *et al.*[@b12] could separate lambda DNA digested by *Hind III* in 600 s under an applied DC electric field, but it was still difficult to separate DNA molecules smaller than 1 kbp due to the fabricated nanopillar size and spacing limited by electron beam lithography process. Pennathur *et al.*[@b26] fabricated a gel-free nanochannel electrophoresis device on glass substrates, and studied the transportation and separation of 10--100 bp dsDNA within 120 s based on the ratio between Debye length and nanochannel depth. Fu *et al.*[@b15] could separate denatured protein mixture solutions using chips with continuous flow anisotropic nanofilter arrays. Yasui *et al.*[@b13] demonstrated a non-denatured bi-mixture protein separation of trypsin inhibitor (20 kDa) and fibrinogen (340 kDa) based on the EOF mobility difference in a nanopillar array structure device under an applied DC electric field. Since those devices were fabricated by top-down methods, the fabrications themselves were restricted as they required an electron beam lithography step and other sophisticated equipment.

On the other hand, nanostructures fabricated by bottom-up approaches have been suggested to realize separation and analysis of biomolecules in a short time. One example of a bottom-up nanostructures is self-assembled colloidal nanoparticles loaded into microchannels as artificial sieving matrices[@b22][@b23][@b24][@b25]. Doyle *et al.* [@b22] loaded the magnetic colloidal nanoparticles into a microfluidic system by the pressure head different of fluid height and controlled forming of the pillar array structures inside microchannels, leading to the separation of λ-DNA and λ-DNA digested by *XhoI* (48.5 kbp, 33.5 kbp and 15 kbp) under an applied DC electric field. Tabuchi *et al.* [@b23] proposed 30 nm diameter PEG-PLA core shell nanospheres as sieving materials to separate DNA molecules up to 15 kbp within 100 s under an applied DC electric field. Zeng *et al.* [@b24] obtained good results in separating a multi-mixture of protein molecules (20--205 kDa) by using self-assembled colloidal arrays as a sieving material in microchips. These bottom-up approaches offer many exciting nanostructures as competitors to highly ordered structures fabricated by top-down approaches, however, the bottom-up approaches still have a size limitation for the structures that can be fabricated and low reusability of the fabricated devices compared to the top-down approaches.

Here, we propose to use three-dimensional (3D) nanowire structures fabricated by a bottom-up approach and embedded in microchannels for the ultrafast separation of small biomolecules, such as DNA, protein, and RNA molecules. The proposed embedded nanowire structures have advantages of structures fabricated by both conventional bottom-up and the top-down approaches; in particular, relatively small structures (\~10 nm) can be fabricated and the fabricated nanowire structures can be reused many times. Recently, we have reported a self-assembled nanowire array embedded in microchannels for single DNA molecule manipulation and fast separation of relatively large DNA molecules[@b27][@b28], however, it is still difficult to separate small biomolecules such as protein and RNA molecules. In the present work, we decreased the pore size in the 3D nanowire structures to a size similar to the hydrodynamic radius of protein and RNA molecules by using a specific number of nanowire growth cycles[@b28]. This size decrease was something that other approaches could not attain[@b8][@b12][@b14][@b16][@b21][@b22][@b23][@b24][@b25][@b29]. Since our method offered flexibility and simplicity to control the pore size of sieving material in the microchannels, the separation of DNA, protein, and RNA molecules could be achieved in several tens of seconds.

The 3D nanowire structures were fabricated by employing 7-cycle nanowire growth on fused silica substrates ([Fig. 1a](#f1){ref-type="fig"}). To avoid electrical breakdown under a high applied electric field, we selected fused silica substrates instead of Si substrates. A typical SEM image of the SnO~2~ nanowires (10--20 nm in diameter) is shown in [Fig. 1b](#f1){ref-type="fig"}. In present work, SnO~2~ nanowires backbone, which has a tetragonal rutile structure[@b30][@b31] were growth along \[100\] direction via Au catalyst by vapor liquid solid technique. Then the branches of SnO~2~ nanowire were growth on (001) plane, which has surface energy higher than (010) plane, and the orientation angle is about 90° ([Fig.1e](#f1){ref-type="fig"} and [supplementary Fig. S2](#S1){ref-type="supplementary-material"}). When we increased the number of growth cycles to seven, the pore size in the 3D nanowire structures decreased due to branching on the backbone nanowires ([Fig. 1c](#f1){ref-type="fig"}). A 20 nm SiO~2~ layer, as a negatively charge surface on the nanowires, was deposited to avoid the surface charge interaction between biomolecules and nanowire structures. The 3D nanowire structure was measured the pore size in a cross section image and analyzed by FESEM then the histogram of pore size distribution showed that the average pore size was 18.9 ± 8 nm ([Fig. 1d](#f1){ref-type="fig"}). Two important parameters to control for the nanowire devices fabrication are the Au catalyst deposition by DC sputtering which imply to the number of nanowire and the number of nanowire growth cycle which involve to the density of nanowire. We have analyzed the number of nanowire growth for each cycle and we found that the number of nanowire increased approximately 30-50 wires in 1 μm^2^. The volume fraction of nanowire in microchannel was approximately 39.8% that means the pore volume in nanowire area is 60.2% of microchannel. This method allows researchers to control the pore size between nanowires by varying the number of nanowire growth cycles and to select the pore size of the nanowires based on the analytical range of the target biomolecules.

[Figure 2a](#f2){ref-type="fig"} shows an electropherogram for the separation of six small DNA molecules in the 3D nanowire structures, *i.e.* 50, 100, 200, 300, 500 and 1000 bp molecules. The separation resolution and the number of theoretical plates per column length for each DNA molecule are summarized in [Table 1](#t1){ref-type="table"}. We identified peaks in the electropherograms by comparing the peak position of individual DNA molecule ([Fig. 2b](#f2){ref-type="fig"}). [Figure 2c](#f2){ref-type="fig"} shows the semi-logarithmic plot of DNA mobility against DNA size. There was a linear relationship for small DNA molecules between 50--200 bp. Since the radius of the gyration sizes by Kratky-Porod formular (\<*R*~*g*~*\>*^*2*^ = *(1/12)b*^*2*^*\[(2L/b)-1* *+* *exp(2L/b)\]* where *b* is the Khun length of dsDNA and *L* is the DNA contour length) of 50--200 bp DNA molecules are approximately 24.9--59.5 nm, which is a comparable size to the pore size distribution in the 3D nanowire structures ([Fig. 1d](#f1){ref-type="fig"}), the separation regime seems to be the Ogston sieving regime[@b3][@b32][@b33]. Consequently, the DNA molecules smaller than 200 bp should migrate through the 3D nanowire structures by the Ogston sieving regime, while those larger than 300 bp should migrate through the 3D nanowire structures by a biased reptation mechanism.

[Figure 3a](#f3){ref-type="fig"} shows an electropherogram for the separation of five non-denatured protein molecules in the 3D nanowire structures, *i.e.* trypsin inhibitor (20.1 kDa), protein A (45 kDa), streptavidin (52.8 kDa), β-galactosidase (116 kDa), and fibrinogen (340 kDa). Since the diametric dimensions of the protein molecules are very small (less than 100 nm) and their shapes are very complex, it is a challenge to fabricate structures with a pore size smaller than or similar to the protein molecule size in order to separate the non-denatured protein molecules. The separation resolution and the number of theoretical plates per column length for each protein molecule are summarized in [Table 1](#t1){ref-type="table"}. We identified the peaks in the electropherograms by comparing the migration time of individual protein molecule and the peak area ([Fig. 3b](#f3){ref-type="fig"} and [Supplymentary Figs. S3 and S4](#S1){ref-type="supplementary-material"}). We could observe the different electrophoretic mobilities of each protein molecule in the 3D nanowires structures as a semi-logarithmic plot against protein molecular weight ([Fig. 3c](#f3){ref-type="fig"}). The relationship between the electrophoretic mobility and molecular weight was a log-linear regression (R^2^ = 0.993), which confirmed that the migration behaviors of those proteins were by the Ogston sieving regime[@b3][@b30]. We also found that the transportation time of each type of protein molecule through the pore (*t*~*transportation*~ = *d/μE,* where *d* is pore size between nanowires, *μ* is electrophoretic mobility and *E* is applied electric field) was shorter than the diffusion time (*t*~*diffusion*~ *=* *d*^*2*^*/D*, where *D* is diffusion coefficient of the respective protein molecule) of each protein molecule ([Supplementary Fig. S5b](#S1){ref-type="supplementary-material"}), which also supported migration of protein molecules by the Ogston sieving regime in the 3D nanowire structures[@b28].

[Figure 4](#f4){ref-type="fig"} shows the separation of RNA molecules in the 3D nanowire structures, consisting of 100, 200, 300, 400, 600, 800 and 1,000 bases molecules. It should be emphasized that, to the best of our knowledge, our present method gave the first demonstration of RNA separation in nanostructures within 25 s. The separation resolution and the number of theoretical plates per column length for each RNA molecule are summarized in [Table 1](#t1){ref-type="table"}. We could carry out the peak identification of RNA molecules by correlating the number of peaks to the gel electrophoresis results ([Supplementary Fig. S6](#S1){ref-type="supplementary-material"}).

It should be noted that the 3D nanowire structures could separate DNA, protein, and RNA molecules in a short time. However, the exact separation mechanism of biomolecule in the 3D nanowires still difficult to explain due to the complexity of biomolecule migration behavior and the size of protein or RNA is very small for the individual observation, consequently theoretical and experimental works still require. One scenario to describes our achievement is a relatively large rigidity of the 3D nanowire structures (Young's modulus ≈ 100 GPa)[@b34] and there is a SiO~2~ layer on their surfaces, the applied electric field likely concentrates at the pore spaces between nanowires. Such a highly concentrated electric field would force DNA, protein, and RNA molecules to migrate much faster than in a gel, which has more elasticity (Young's modulus ≈ 0.1--1 MPa)[@b35]. The biomolecule migration in a rigid network is like in a free solution environment and that allows a high electric field to be applied for fast separation[@b27]. On the other hand, the biomolecule migration in a flexible network is retarded by the elasticity of the matrix material so it takes a long time to analyze biomolecules even with the application of a high electric field. Another explanation is the pore size of the 3D nanowire structures small enough to confine DNA, protein, and RNA molecules within them unlike the one or two-dimensional nanostructures fabricated by other top-down approaches. Therefore, we can enhance the number of collisions of DNA, protein, and RNA molecules with the 3D nanowire structures, resulting in good separation resolution and high theoretical plate number.

We have demonstrated that our proposed 3D nanowire structures embedded in microchannels as sieving materials provide fast separation and analysis of biomolecules. Our methodology allows users to control the pore size of the 3D nanowire structures by varying the number of nanowire growth cycles. The 3D nanowire structures showed capabilities to separate complex and very small biomolecules such as DNA, protein and RNA molecules in a short time due to the rigidity of the nanowire structures and their very small pore size which is difficult to attain by other fabrication approaches. The 3D nanowire structures provide an alternative approach to analysis of biomolecules and analytical time saving, consequently our methodology has good potential for commercial mass production and realization of reusable of bio-analytical devices.

Experiments
===========

Fabrication of the 3D nanowire structures
-----------------------------------------

Fabrications were carried out using the previously reported procedures[@b27][@b28] as [Fig. S1](#S1){ref-type="supplementary-material"}. In order to fabricate the 3D nanowire structures, we employed conventional photolithography, electron beam lithography, and vapor-liquid-solid (VLS) growth technique for growth of the nanowires. First of all, a 250 nm Cr layer was deposited on fused silica substrates by RF sputtering (SVC-700LRF, Sanyu Denshi). This layer was prepared as a hard mask for reactive ion etching (RIE). A positive photoresist (TSMR V50, Tokyo Ohka Kogyo Co.) was spin-coated on the substrates. Then, the microchannel pattern with a line width of 25 μm was created by a photolithography process and the Cr layer was etched by Cr etchant solution (H~2~O:Ce(NH~4~)~2~(NO~3~)~6~:HClO~4~, 85:10:5). After that, the microchannel was fabricated by RIE (RIE-10NR, Samco Co.) under CF~4~ gas ambient. The microchannel depth was controlled to be 2 μm. Then, the inlet and outlet via holes (1.5 mm diameter) for the microfluidic system were drilled with an ultrasonic driller (SOM-121, Shinoda Co.). We prepared metal catalysts to define the spatial position of the nanowires within the microchannel. A Cr layer (10 nm thick) was deposited within the microchannel. Positive resist (ZEP520 A7, Zeon Corp.) was coated on the microchannel by spin coating, and then the pattern was drawn by electron beam lithography (SPG-724, Sanyu Electron Co.). After developing the resist, the Cr layer pattern was removed with Cr etchant solution. DC sputtering was used to deposit an Au metal catalyst (particle size 3 nm) within the microchannel for nanowire growth. Then the resist was lifted off by sequential immersion in dimethylformamide, acetone and isopropanol. The SnO~2~ 3D nanowire structures were grown on fused silica microchannel by the gold catalyst-assisted pulse laser deposition (PLD). Once the background pressure of the chamber was evacuated to be 5.0 × 10^−6^ Pa, oxygen and argon mixed gas (1:1000) was introduced into the chamber with the ambient total pressure of 10 Pa. Au film was preheated at the growth temperature 800 °C for 20 minutes then the ArF excimer laser was ablated to SnO~2~ target material for the nanowire growth. After 30 minute, the sample was cool down to room temperature for 30 minutes[@b36][@b37][@b38][@b39]; these were done more than six times. The Cr layer was lifted off by Cr etchant solution. The SiO~2~ layer was deposited onto the SnO~2~ nanowires using the RF sputtering system to avoid charge interaction between nanowires and biomolecules. Finally, the microchannel was sealed by using a fused silica cover plate (130 μm thick) as described in the literature method[@b13][@b14][@b27][@b28].

DNA, Protein and RNA samples preparation
----------------------------------------

The mixture of small DNA molecules, which consisted of 50, 100, 200, 300, 500 and 1000 bp molecules, was stained with YOYO-1 (Invitrogen) at a dye base ratio of 1:15 contained in concentrated buffer solution (5 × TBE; 445 mM Tris-Borate and 10 mM EDTA, pH 8.2, Sigma-Aldrich, Inc.). The electrophoretic protein mobility measurements in the nanowire array structure were done by using trypsin inhibitor (Invitrogen), protein A (Invitrogen), streptavidin (Invitrogen), β-galactosidase (Novusbio), and fibrinogen (Invitrogen), stained with Alexa Fluor 488 at a dye molecule per mol ratio of 1:4, 1:5, 1:4, 1:3, and 1:8, respectively. We measured the fluorescence intensity of Alexa Fluor 488 dye molecule in each protein samples by microvolume (UV-VIS) spectrophotometer (Nanodrop, ND-1000) as shown in [Fig. S3](#S1){ref-type="supplementary-material"}. All protein molecules were mixed together and 3 × TBE buffer with 4% sodium dodecyl sulfate (SDS) was added to the mixture solution. Then the mixture solution was heated with a block incubator (2720 Thermo Cycler, Applied Biosystem) at 85 °C for 5 min and centrifuged for 15 s. After that, 3 × TBE buffer with 0.1% SDS was added to the mixture solution the concentration varied from 10^−4^ to 10^−6^ M. Kim *et al.* [@b40] reported that the hydrodynamic diameter of proteins increase about 30% after adding SDS to disrupt the tertiary structure and reduce the protein molecules to a linear structure. We also confirmed the protein mixture solution by observing the bands of the protein molecules mixture solution and the protein markers (10--225 kDa, Novagen) in a SDS polyacrylamic gel (15% e-PAGEL, ATTO Corp.) under the applied voltage of 500 V for 60 min as shown in [Fig. S6](#S1){ref-type="supplementary-material"}. For the RNA separation, we used the RNA step ladder 0.1--1 kb (Wako) with 2 × loading dye stained by SYBR Gold (Invitrogen) at a dye base ratio of 1:5 and contained in concentrated buffer solution (5 × TBE; 445 mM Tris-Borate and 10 mM EDTA, pH 8.2, Sigma-Aldrich, Inc.).

Biomolecules Separation and Fluorescence Detection
--------------------------------------------------

An inverted fluorescent microscope (Eclipse TE-300, Nikon) equipped with a high voltage sequencer (HVS448-1500, Lab Smith) was used to apply the DC electric fields and a Hg lamp was used to observe fluorescently stained protein molecules. Fluorescence images were captured with an EB-CCD camera (C7190-43, Hamamatsu Photonics K.K.) through a 10 × /1.40 NA objective lens (Nikon). The images were recorded on a DV tape (DSR-11, Sony) and then analyzed by image-processing software (Cosmos 32, Library, Tokyo, Japan).
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![3D nanowire structures.\
(**a**) Photograph of a device for the 3D nanowire structures; scale bar 5 mm. (**b**) SEM image of SnO~2~ nanowires embedded in a microchannel; scale bar 1 μm. (**c**) Schematic of Au catalyst assisted VLS 3D nanowire growth; nanowire backbone were growth in \[100\] direction (1), then Au catalyst decorate along nanowire backbone (2), after that, the first nanowire branches growth in \[001\] direction (3), Au catalysts were deposited on the first nanowire branches and the second nanowire branches were growth by VLS technique as a cycle (4). (**d**) SEM image of the 3D nanowire structures; scale bar 100 nm. (e) Pore size distribution in the 3D nanowire structures.](srep10584-f1){#f1}

![Separation and mobility of DNA molecules in the 3D nanowire structures.\
(**a**) Separation of 50 bp (40 ng/μL), 100 bp (30 ng/μL), 200 bp (30 ng/μL), 300 bp (30 ng/μL), 500 bp (30 ng/μL) and 1000 bp (30 ng/μL) molecules in the 3D nanowire structures. The electropherograms were obtained at 500 μm from the entrance of the 3D nanowire structures. The applied electric field in the separation channel was 100 V/cm. (**b**) The electropherogram of each type of DNA molecule to verify the migration time of each separation peak (*E* = 100 V/cm, *L* = 500 μm). (**c**) Semi-log plot of electrophoretic mobility as a function of DNA size under the applied electric field of 100V/cm.](srep10584-f2){#f2}

![Separation and mobility of protein molecules in the 3D nanowire structures.\
(**a**) Separation of **(1)** trypsin inhibitor (20.1 kDa), **(2)** protein A (45 kDa), **(3)** streptavidin (52.8 kDa), **(4)** β-galactosidase (116 kDa) and **(5)** fibrinogen (340 kDa). The electropherograms were obtained at 2000 μm from the entrance of the 3D nanowire structures. The applied electric field in the separation channel was 500 V/cm. (**b**) The electropherograms of each type of protein molecule to verify the migration time of each separation peak (*E* = 2000 V/cm, *L* = 500 μm). (**c**) Semi-log plot of electrophoretic mobility as a function of molecular weight under the applied electric field of 500V/cm.](srep10584-f3){#f3}

![Separation of 0.1--1 kb RNA molecules in the 3D nanowire structures.\
The electropherogram was obtained at 250 μm from the entrance of the 3D nanowire structures. The applied electric field in the separation channel was 300 V/cm.](srep10584-f4){#f4}

###### Separation resolution and theoretical plate number per column length in [Figures 2](#f2){ref-type="fig"}, [3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}.
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